Ski, the transforming protein of the avian Sloan-Kettering retrovirus, inhibits transforming growth factor-b (TGF-b)/Smad signaling and displays both pro-oncogenic and anti-oncogenic activities in human cancer. Inhibition of TGF-b signaling is likely responsible for the pro-oncogenic activity of Ski. We investigated the mechanism(s) underlying the tumor suppressor activity of Ski and found that Ski suppressed the activity of the Hippo signaling effectors TAZ and YAP to inhibit breast cancer progression. TAZ and YAP are transcriptional coactivators that can contribute to cancer by promoting proliferation, tumorigenesis, and cancer stem cell expansion. Hippo signaling activates the the Lats family of kinases, which phosphorylate TAZ and YAP, resulting in cytoplasmic retention and degradation and inhibition of their transcriptional activity. We showed that Ski interacted with multiple components of the Hippo pathway to facilitate activation of Lats2, resulting in increased phosphorylation and subsequent degradation of TAZ. Ski also promoted the degradation of a constitutively active TAZ mutant that is not phosphorylated by Lats, suggesting the existence of a Lats2-independent degradation pathway. Finally, we showed that Ski repressed the transcriptional activity of TAZ by binding to the TAZ partner TEAD and recruiting the transcriptional co-repressor NCoR1 to the TEAD-TAZ complex. Ski effectively reversed transformation and epithelial-to-mesenchyme transition in cultured breast cancer cells and metastasis in TAZ-expressing xenografted tumors. Thus, Ski inhibited the function of TAZ through multiple mechanisms in human cancer cells.
INTRODUCTION
Ski was initially identified as the transforming protein of the avian SloanKettering retrovirus and induces oncogenic transformation of chicken embryo fibroblasts upon overexpression (1) . In agreement with its oncogenic activity, high amounts of Ski have been detected in many human cancer cell lines (2) (3) (4) (5) (6) . However, beyond its expression profile, the activity of Ski in mammalian cancer appears to be more consistent with a tumorsuppressive role. First, heterozygous Ski knockout mice are more sensitive to chemical-induced carcinogenesis (7) . Second, Ski is located at chromosome 1p36, a tumor suppressor locus frequently deleted in melanoma and neuroblastoma (8) (9) (10) . Finally, reducing Ski abundance in breast and lung cancer cells enhances tumor progression and metastasis in vivo (11) . The mechanisms underlying these conflicting observations have not been fully understood.
Ski exerts its biological functions through interaction with various cellular partners, among which the association with the Smad proteins of the TGF-b signaling pathway is the best characterized. Ski interacts with Smads and represses their ability to activate TGF-b responsive genes by disrupting the functional heteromeric Smad complexes, recruiting transcription co-repressor complex, and blocking the binding of transcriptional coactivators to the Smads (12) (13) (14) . TGF-b signaling suppresses tumor cell proliferation at early stages of tumorigenesis but promotes epithelial-to-mesenchymal transition (EMT), tumor invasion, and metastasis at late malignant stages. The ability of Ski to antagonize TGF-b/Smad may contribute partially to its dual activities in tumorigenesis but may not be the only mechanism underlying the complex roles and regulation of Ski in human cancer.
To uncover additional molecules or pathways regulated by Ski, we identified Hippo signaling components as potential binding partners of Ski. Hippo pathway is an evolutionarily conserved pathway that plays important roles in the regulation of organ size, embryonic development, tumorigenesis, and stem cell self-renewal (15) . The core Hippo signaling complex in mammals is composed of two kinases, Mst1 or Mst2 (Mst1/2) and Lats1 or Lats2 (Lats1/2). Mst1/2 forms a complex with the adaptor protein Sav1 to phosphorylate and activate Lats1/2 (16, 17) . The activated Lats1/2, in association with the tumor suppressor Mob1, then phosphorylates and inhibits transcriptional coactivators TAZ and YAP (18) (19) (20) (21) (22) . TAZ and YAP do not directly bind to DNA but can be recruited to their target promoters through binding to the TEAD/TEF transcription factors (21, 23, 24) , where they regulate the transcription of genes essential for proliferation, apoptosis, EMT, and breast cancer stemness (20, 21, (25) (26) (27) (28) (29) . TAZ and YAP can be phosphorylated by Lats1/2 on multiple sites (30) . In particular, phosphorylation of TAZ on Ser 89 (equivalent to Ser 127 in YAP) allows its binding to 14-3-3, leading to cytoplasm sequestration (18, 19, 21, 31) , and phosphorylation on Ser 311 primes TAZ to be further phosphorylated by CK1e on Ser 314 , which mediates binding to the F-box-containing E3 ubiquitin ligase b-TrCP, leading to subsequent ubiquitination and degradation of TAZ (32) . Thus, the Hippo core kinase complex is an inhibitor of TAZ and YAP.
The activity of the Hippo pathway and TAZ/YAP can be regulated by extracellular diffusible signals and growth factors as well as signals generated through cell-cell junction, tissue architecture, and mechanotransduction (33) . These signals include ligands that bind to various GPCRs [G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptors] such as lysophosphatidic acid, thrombin, and epinephrine, which stimulate or inhibit nuclear translocation of YAP/TAZ; growth factors such as EGF (epidermal growth factor), IGF (insulin-like growth factor), or Wnt; or signals sensing cell-cell adhesion, junctional structures, polarity, and matrix stiffness. Finally, TAZ also modulates TGF-b signaling through its interaction with various Smad proteins (34) (35) (36) .
Hippo pathway controls organ size and tumorigenesis in various animal models (19, (37) (38) (39) (40) (41) (42) (43) (44) . TAZ and YAP are well-established oncogenes (45) . In particular, TAZ abundance is increased in invasive breast cancer cell lines and in 20% of breast cancer tissues (46) , and high amounts of TAZ correlate with breast tumors of higher histological grade and increased invasiveness as well as increased numbers of cancer stem cells (29) . Furthermore, overexpression of TAZ in breast cancer cells, especially the constitutively active TAZS89A, promotes EMT, cancer stem cell expansion, and tumor invasion (29) . The YAP gene is amplified in various human cancers, and increased YAP protein abundance and nuclear accumulation inversely correlate with disease-free and overall survival of hepatocellular carcinoma patients (45) .
Here, we identified Ski as a repressor of TAZ/YAP. We showed that Ski inhibited the transcription activity of TAZ as well as its ability to promote transformation and EMT in mammary epithelial cells through mechanisms both independent of and dependent on the Hippo kinase complex. Our study thus has uncovered a pathway that regulates TAZ/YAP during tumorigenesis.
RESULTS

STK38 is a binding partner for Ski
To identify Ski-associated proteins, we stably expressed Flag-Ski in MCF10A cells. Cellular proteins that bind to Ski were purified by immunoprecipitation with anti-Flag beads from control and Flag-Ski cell lines and analyzed by quantitative MudPIT. Proteins identified by at least five spectral counts and showing a twofold enrichment over the control samples with a P value of <0.05 were selected for further analysis. The serine/ threonine kinase 38 (STK38; also known as NDR1) was identified as a Ski-associated protein (table S1). STK38 or NDR1 is a Ser/Thr kinase of the NDR/LATS family that is highly conserved from yeast to human (47) . The human NDR/LATS family contains four members: NDR1 (STK38), NDR2 (STK38L), Lats1, and Lats2. We found that Ski not only bound to NDR1 but also bound strongly to Lats2 and weakly to NDR2. It did not bind to Lats1 (Fig. 1A) . These interactions were specific because immunoprecipitation with anti-Flag in cells expressing Flag-Ski alone, hemagglutinin (HA)-HDR1 alone, or Myc-Lats2 alone did not yield associated proteins (Fig. 1A and fig. S1 , A and B). Thus, Ski strongly interacts with at least two members of the NDR family. Because the regulation and functions of NDR1 and NDR2 are not well understood, we decided to focus on the interaction of Ski with Lats2 in this study.
Ski interacts with multiple components of the Hippo pathway
Because Lats2 is a part of the core Hippo kinase complex and Lats proteins regulate TAZ and YAP (15), we next investigated whether Ski also associated with other members of the Hippo pathway by coimmunoprecipitation assays. In addition to Lats2, Ski bound to several members of the Hippo pathway including Sav, Mob, and Mer, but not to Mst2, Lats1, YAP, or TAZ (Fig. 1B) , suggesting that the physical interactions between Ski and the Hippo pathway members are selective. Again, the interactions were specific because associated proteins were not detected in anti-Flag immunoprecipitates from cells expressing Flag-Ski alone (Fig. 1B) or a bait protein alone (such as HA-Mer, fig. S1C ). In addition, endogenous Ski associated with endogenous Lats2, Mer, Sav, and Mob, but not Mst2, in a coimmunoprecipitation assay in MDA-MB-231 breast cancer cells that have relatively high amounts of Ski (Fig. 1C) . These interactions were not detected in cells with Ski knockdown (11) (Fig. 1C) . Together, our data show that Ski specifically interacted with multiple components of the core Hippo pathway.
Ski inhibits the transcription activity of TAZ/YAP
TAZ and YAP are critical downstream effectors of the Hippo pathway. In the absence of Hippo signaling, they bind to the TEAD DNA binding transcription factor and activate transcription of various genes. The activities of TAZ and YAP are inhibited by the Hippo core kinase complex through phosphorylation (19, 21) . Given that Ski interacts with multiple Hippo pathway components, we wondered if it would affect the transcriptional activity of TAZ and YAP. In a luciferase reporter assay, Ski inhibited the transcription activity of TAZ (Fig. 1D) and YAP (Fig. 1E) to a similar extent as did Lats2, whereas reducing endogenous Ski with a short hairpin RNA (shRNA) or two small interfering RNA (siRNA) pools increased the transcription activity of both transfected and endogenous TAZ (Fig. 1, F and G, and fig. S1 , D and E). Ski not only inhibited TAZ transcription in the luciferase assay but also, when overexpressed, decreased the abundance of endogenous CTGF (Fig. 1H) , which is encoded by a TAZ target gene (48) . Thus, Ski inhibited TAZ and YAP transcriptional activity.
The ability of Ski to interact with the Hippo pathway components and inhibit TAZ or YAP is independent of its ability to antagonize TGF-b/Smad signaling. Mutant Ski defective in binding to Smad2/3 (Ski4A16) or Smad4 (SkiW274E) or both (mSki) readily associated with Lats2, Mer, Sav, and Mob and inhibited transcriptional activation induced by TAZ ( fig. S2 , A to C). Thus, Ski likely promoted Hippo pathway and inhibited TAZ/YAP activation by directly acting on the Hippo pathway.
Ski antagonizes TAZ-induced transformation and EMT
As previously reported, stable overexpression of TAZ in human MCF10A mammary epithelial cells induced anchorage-independent growth and EMT ( Fig. 2) (21, 46) . Because Ski inhibited TAZ and YAP transcription activities, we investigated whether it could reverse TAZ-induced cell transformation and EMT. We tested MCF10A/TAZ cell lines that stably overexpressed either a Ski complementary DNA (cDNA) or shRNAs targeting Ski ( Fig. 2A) in various transformation and EMT assays. Overexpression of Ski significantly blocked TAZ-induced anchorage-independent growth (Fig. 2B) . When cultured in the three-dimensional (3D) Matrigel, MCF10A cells undergo morphological differentiation to form a polarized, multicellular acinus-like structure. Overexpression of TAZ increased the size of the acini (Fig. 2C ) as reported previously (21, 49) . Overexpression of Ski markedly reduced the size of acini formed by the TAZ-expressing cells back to that of the control acini, and Ski knockdown further increased the size of TAZ-acini (Fig. 2C) . Consistently, reducing Ski alone in MCF10A cells caused a moderate increase in acinar size, an increase that was reversed by TAZ knockdown (Fig. 2C and fig. S3A ). These large acini had similar polarity and structural organization to those derived from control cells ( fig. S3B ). Overexpression of Ski also reversed multiple EMT processes induced by TAZ, including actin stress fiber formation (Fig. 2D) , increased cell motility (Fig. 2E) , decrease in E-cadherin abundance, and increase in vimentin abundance (Fig. 2F) . Conversely, reducing Ski in TAZexpressing cells further enhanced these processes (Fig. 2, D and E) . Two additional clones expressing Ski shRNA ( fig. S3 , A, C, and D) as well as another Ski shRNA clone overexpressing TAZ ( fig. S3D ) showed similar changes in acinar size and/or cell motility. Together, our data suggest that Ski antagonized the biological activities of TAZ.
Ski enhances the phosphorylation of TAZ/YAP by Lats2
Given that phosphorylation of TAZ and YAP by Lats1/2 inhibits their biological activities, we next asked whether Ski inhibited TAZ and YAP by increasing their phosphorylation by Lats2 using an in vitro kinase assay. Myc immunoprecipitates from 293T cells expressing Myc-Lats2 together with or without Mst2 and/or Ski were subjected to in vitro kinase assays using bacterially purified glutathione S-transferase (GST)-TAZ or GST-YAP Ski blocked anchorageindependent growth induced by TAZ. Soft agar colonies formed by MCF10A cells stably expressing various cDNAs and shRNAs as indicated were stained and quantified. Data in the graph were derived from at least three independent experiments and are presented as means ± SEM [Student's t test, *P < 0.05 (P value was calculated after colony counts were averaged and converted to logarithmic scale)]. Scale bar, 3 mm. (C) Phase-contrast images of 3D acini formed by MCF10A cells stably expressing various constructs as indicated. The size of an acinus was determined by the number of nuclei in each acinus. Forty acini from three independent experiments were quantified for each cell line and presented in the graph as means ± SEM [analysis of variance (ANOVA), Newman-Keuls multiple comparison test; *P < 0.05, **P < 0.01]. Scale bar, 40 mm. Significant differences between the control and shSki or TAZ cells and between shSki and shSki + TAZ siRNA (siTAZ) cells (**P <0.01) and between TAZ and Ski-TAZ cells (*P < 0.05) were detected. (D) Actin stress fiber formation was visualized by staining with rhodamine-conjugated phalloidin. Images are representative of three independent experiments. Scale bar, 20 mm. (E) Wound healing assay. Data in the graph were derived from at least three independent experiments and are presented as means ± SEM (ANOVA, Newman-Keuls multiple comparison test; *P < 0.05). Scale bar, 300 mm. (F) Ski reversed the effect of TAZ on the abundance of E-cadherin and vimentin as determined by Western blotting. Data in the graph were derived from at least three independent experiments and are presented as means ± SEM (Student's t test, *P < 0.05 and **P < 0.01). The cell morphology (scale bar, 50 mm) and E-cadherin localization (scale bar, 20 mm) are shown in the panels to the right. Images are representative of three independent experiments. as exogenous substrates. Lats2 phosphorylated TAZ or YAP (Fig. 3A and  fig. S4A ), and this phosphorylation was enhanced by the coexpression of Mst2, as expected (16, 17, 19, 21, 22) . Ski alone had a modest effect on the activity of Lats2, but in the presence of Mst2, Ski markedly increased the phosphorylation of TAZ/YAP (Fig. 3A and fig. S4A ), suggesting that Ski may promote the activation of Lats2.
To further confirm the stimulatory effect of Ski on the kinase activity of Lats2, endogenous Lats2 was isolated from control or MCF10A cells stably expressing Ski or Ski shRNA and subjected to in vitro kinase assays with GST-TAZ as an exogenous substrate. Indeed, Lats2 from Skiexpressing cells showed significantly increased kinase activity, whereas that from cells with Ski knockdown displayed slightly reduced activity, due possibly to the low amount of endogenous Ski in the MCF10A cells (Fig. 3B) . Autophosphorylation of Lats2 was also increased in Ski-expressing cells (Fig. 3B) .
Phosphorylation of TAZ may lead to its degradation in a ubiquitinationand proteasome-dependent manner or alter its intracellular localization (50) . We found that Ski did not affect the localization of TAZ ( fig. S4B ) but promoted its polyubiquitination ( fig. S4C ) and shortened its half-life as shown by a pulse-chase assay (Fig. 3C) . Consistent with this observation, the abundance of endogenous TAZ was substantially higher in cells with Ski knockdown (Fig. 3D) and lower in cells overexpressing Ski (Fig. 3E) . The abundance of GST-TAZ, Myc-Lats2, and Flag-Mst2 was measured by Western blotting (lower panels). Western blots are representative of three independent experiments. 32 P-TAZ abundance was quantified from at least three independent experiments, and data are presented as means ± SEM (Student's t test, *P < 0.05). (B) Endogenous Lats2 was immunoprecipitated from MCF10A cells stably expressing control vector, Ski, and shSki and subjected to an in vitro kinase assay with GST-TAZ as an exogenous substrate. The abundance of GST-TAZ and Lats2 was measured by Western blotting. Western blots are representative of three independent experiments. Data are presented as means ± SEM (Student's t test, *P < 0.05). (C) Pulse-chase assays. 35 S- Thus, Ski enhanced the kinase activity of Lats2 and subsequently its phosphorylation of TAZ, leading to its degradation.
Ski facilitates the formation of the core Hippo kinase complex
Activation of Lats2 requires the kinase Mst2 as well as the accessory molecules Sav and Mob. Sav binds to Mst2 and facilitates its interaction with Lats2 and Mob. Because Ski also interacts with Sav and Mob, we hypothesized that Ski could facilitate activation of Lats2 by strengthening the Hippo kinase complex. Indeed, Ski overexpression induced a corresponding increase in the binding of Sav to Lats2 (Fig. 3F) . In contrast, Ski had no apparent effect on the abundance of Sav and Mst2 (Fig. 3F  and fig. S4D ). Thus, Ski likely enhanced Lats2 activation by facilitating its interaction with Mst2 through Sav.
If Ski inhibition of TAZ indeed requires Lats2, Lats2 knockdown in cells expressing Ski and TAZ would be expected to block the Ski inhibition and restore the transcription and transforming activity of cells to that found in cells expressing TAZ alone. Indeed, Lats2 knockdown into the TAZ+Ski cells restored acinar size in the 3D assay (Fig. 3G ) and actin stress fiber formation (Fig. 3H) . Consistent with these findings, overexpression of Lats2 in cells with Ski knockdown reduced acini size ( fig. S4E ) and cell motility ( fig. S4F ). These results indicate that Lats2 is critical for Ski-mediated inhibition of TAZ, at least to some extent.
Similarly, if Sav is absolutely necessary for Ski activation of Lats2, deleting Sav might block the inhibition of TAZ by Ski. Surprisingly, however, in ACHN cells that lack a functional Sav gene, overexpression of Ski still inhibited TAZ transcription (Fig. 4A) . This finding suggests that in addition to inhibiting TAZ by activating Lats2 (Lats2-dependent mechanism), Ski could also suppress TAZ at a step downstream of Lats2 activation (Lats2-independent mechanism). Furthermore, although reducing Lats2 abundance by two different siRNAs restored the ability of cells expressing TAZ and Ski to support transcription to a similar extent as cells expressing TAZ alone (Fig. 4B and fig. S4G ), Ski still inhibited TAZ in cells with Lats2 knockdown, again supporting the existence of a Lats2-independent mechanism of TAZ repression.
Ski can also inhibit TAZ signaling independently of Lats2-mediated phosphorylation
To further test whether Ski could also inhibit TAZ through a Lats2-independent mechanism, we used the TAZS89A mutant that cannot be phosphorylated by Lats2 and found that Ski inhibited transcriptional activation induced not only by wild-type TAZ but also by TAZS89A (Fig. 4C) . We also investigated whether Ski could reverse the transforming phenotypes induced by TAZS89A. In MCF10A cells stably expressing TAZS89A (Fig.  4D) , ectopic expression of Ski rescued some, but not all, of the transforming phenotypes induced by the TAZS89A mutant. When cultured in 3D Matrigel, whereas cells expressing TAZS89A were highly transformed and formed disorganized and irregular colonies with fully disrupted apicalbasal polarity, introduction of Ski effectively restored organized epithelial structure and polarity of the acini as indicated by the increased abundance of a 6 -integrin on the basolateral side of the acini (Fig. 4E) . Although the rescue of 3D morphogenesis by Ski was not complete because the acini were still larger than control MCF10A acini, Ski nevertheless substantially reduced the transforming activity of TAZS89A in MCF10A cells. Consistent with this, Ski impaired anchorage-independent growth of TAZS89A-expressing cells (Fig. 4F) . In addition to inhibiting cell transformation, Ski also partially inhibited stress fiber formation (Fig. 4G) , increased E-cadherin abundance, and suppressed vimentin abundance (Fig. 4H) . Although Ski partially increased the motility of TAZS89A-expressing cells, the difference was not statistically significant (Fig. 4I) . Finally, as a first step in determining whether Ski can inhibit the ability of TAZS89A to promote breast cancer metastasis in vivo, we intravenously injected MCF10A cells expressing TAZS89A alone or with Ski into nude mice, and examined lung metastasis 12 weeks later. Histological analyses revealed a significant decrease in the number of metastatic lesions produced by Ski-coexpressing cells (Fig. 4J) . Consistent with this finding, we have previously shown that depletion of Ski enhances the metastasis of breast cancer cells to the bone and lung in a xenograft model (11) . Evaluation of the activation state of TAZ and whether knockdown of TAZ can reverse the effects of Ski depletion on the enhanced metastasis in this xenograft assay will more clearly show that Ski can inhibit breast cancer progression through TAZ in vivo. Nonetheless, these results indicate that Ski could suppress TAZ through both Lats2-dependent and Lats2-independent mechanisms.
Ski also induces degradation of TAZS89A in a Lats-independent manner
We next used the pulse-chase assay and found that Ski markedly reduced the half-life of TAZS89A (Fig. 5A) . Consistent with this finding, the amount of TAZS89A was lower in cells overexpressing Ski (Fig. 5B ). In addition, the abundance of another TAZ mutant, S311A, which is also defective in Lats1/2 phosphorylation (32), was similarly reduced in cells overexpressing Ski (Fig. 5C) . Finally, the proteasome inhibitor N-carbobenzyloxy-Lleucyl-L-leucyl-L-leucinal (MG132) stabilized Ski-induced degradation of both wild-type TAZ and TAZS89A (Fig. 5D ), suggesting that this degradation event requires the proteasome. Although the stem cell factor (SCF)/CRL1 b-TrCP E3 ligase (b-TrCP) has been reported to mediate TAZ degradation triggered by Lats-mediated phosphorylation (32), knocking down b-TrCP with siRNA did not block TAZ degradation by Ski ( fig. S5 ), indicating that Ski-induced TAZ degradation is not mediated by the b-TrCP E3 ligase. Thus, in addition to promoting Lats2-dependent phosphorylation and degradation of TAZ, Ski can also induce TAZ degradation through a Lats2-independent mechanism. The identity of the E3 ubiquitin ligase that mediates Ski-induced and Lats-independent TAZ degradation will be determined in future studies.
Ski directly represses TAZ transcription by recruiting NCoR1
Finally, because TAZ activates transcription through binding to its DNA binding partner TEAD and possibly other transcription coactivators (27), we asked whether Ski could repress TAZ transcription by blocking its interaction with TEAD and/or by recruiting a transcription co-repressor to its target promoter. In a coimmunoprecipitation assay, endogenous Ski bound to endogenous TEAD (Fig. 6A ), but this binding did not appear to affect the TAZ-TEAD interaction (Fig. 6B) . Because Ski can bind to the transcriptional co-repressor NCoR1 (12, 51), we next asked whether Ski could recruit NCoR1 to the TEAD/TAZ complex through its association with TEAD to repress TAZ activity. Indeed, whereas TEAD did not bind to NCoR1 in the absence of Ski, it formed a complex with NCoR1 when Ski was expressed (Fig. 6C) . The interaction between endogenous TEAD and NCoR1 could also be detected in cells that stably express Ski at amounts similar to those found in malignant cancer cells (Fig. 6D) . Overexpression of NCoR1 repressed the transcriptional activity of TAZ (Fig. 6E) , an effect that required Ski (Fig. 6E) . These findings are consistent with a model in which Ski recruits NCoR1 to repress TAZ transcription activity. Finally, NCoR1 knockdown partially impaired the ability of overexpressed Ski to inhibit TAZ (Fig. 6E) , confirming that Ski could repress TAZ in an NCoR1-dependent manner, but also suggesting that NCoR1-independent mechanisms also played a role in Ski-mediated inhibition of TAZ. Thus, Ski might directly inhibit TAZ transcription by recruiting transcriptional co-repressors to TAZ through binding to TEAD, and this could be a Lats2-independent mechanism of TAZ inhibition by Ski. 
DISCUSSION
TAZ is a critical effector of the Hippo pathway and plays an essential role in breast cancer progression because high amounts of TAZ can promote tumor growth, EMT, and breast cancer stem cell expansion (15, 29) . Here, we identified Ski as a novel inhibitor of TAZ signaling in breast cancer cells by facilitating its degradation through both Lats2-dependent and Lats2-independent mechanisms and by directly repressing the transcriptional activity of TAZ. Ski bound to multiple components of the Hippo core kinase complex to enhance the kinase activity of Lats2, leading to increased phosphorylation of TAZ and subsequent degradation. In this capacity, it may function as a scaffolding protein to increase the affinity of Mst and Sav for Lats2 to facilitate its activation. In addition, Ski could directly promote TAZ degradation in a Lats2-independent manner through recruiting a yet to be identified E3 ubiquitin ligase to TAZ. Finally, Ski also recruited the transcriptional co-repressor NCoR1 to the TEAD/TAZ complex to inhibit TAZ transcriptional activity. Thus, Ski could serve as a potent inhibitor of TAZ by promoting its degradation or suppressing its transcriptional activity through multiple mechanisms, and thus in this capacity functions as a strong antitumorigenic barrier against the malignant progression of breast cancer cells. Inactivation of this regulation by reducing Ski abundance or by disrupting the interaction between Ski and its partners may be a critical step in breast cancer progression. Indeed, Ski not only inhibited TAZ-dependent transcription activation but also effectively reversed TAZinduced transformation, EMT, and metastasis of breast cancer cells. Thus, Ski regulates Hippo signaling and inhibits the oncogenic TAZ protein in human cancer cell lines. Ski contains both pro-oncogenic and anti-oncogenic activities in mammalian cells (52) , and its pro-oncogenic activity is related to its ability to antagonize the tumor suppressor activity of TGF-b/Smads at early stage of tumor development (53) . In late stages of malignant cancers, the TGF-b/ Smad pathway switches from tumor suppression to tumor promotion by inducing various aspects of EMT, invasion, and changes in the microenvironment (54) . At this point, Ski could suppress the tumor-promoting activity of TGF-b/Smad (55). Our work reported here has revealed another important mechanism by which Ski exerts its antitumorigenic activity by repressing the ability of TAZ to promote EMT and metastasis in breast cancer cells. Thus, Ski is pro-oncogenic at early stages of tumorigenesis but functions as a tumor suppressor at later stages of tumor progression by inhibiting the tumor-promoting activities of TAZ/YAP.
Our study has shown that Ski could inhibit TAZ function through both Lats2-dependent and Lats2-independent pathways. The importance of the Lats2-dependent pathway is demonstrated by a number of experiments using a combination of Lats2 knockdown or overexpression strategies, and the ability of Ski to antagonize various activities induced by the TAZS89A mutant that is refractory to Lats2 inhibition strongly supported the functional importance of a Lats2-independent model. At this time, it is difficult to evaluate the relative contributions of the two mechanisms in Ski regulation of TAZ signaling. In any given cell, the mechanism that is in operation likely depends on the physiological context (cell types, developmental stages, or microenvironment) and the presence of other signaling pathways. Given that both TAZ and Ski are highly abundant in malignant cancer cells or normal cells at a specific developmental stage, these cell types are likely the ones in which this regulation will occur.
Several E3 ubiquitin ligases have been linked to the regulation of TAZ stability. Apart from the destruction complex [APC (adenomatous polyposis coli)/Axin/GSK-3 (glycogen synthase kinase-3)] in the Wnt pathway that facilitates TAZ degradation together with b-catenin (56), SCF b-TrCP binds to TAZ that has been phosphorylated by both Lats2 and CK1e and targets it for ubiquitination and degradation (32) . The Hect domain E3 ligase ITCH (also known as AIP4) can also be recruited to YAP by AMOT to promote YAP ubiquitination and degradation (57) . In our study, b-TrCP knockdown did not result in the stabilization of TAZ, suggesting that a yet to be identified E3 ligase may mediate Ski-induced TAZ degradation. This notion opens new doors for future investigations.
Upstream factors or pathways that regulate Ski abundance during development or cancer have not been well defined. TGF-b decreases Ski abundance in malignant melanoma and breast cancer cells through the E3 ligase Arkadia, which is recruited to Ski by the R-Smad proteins to promote its degradation (11) . This suppression of Ski by TGF-b may provide a mechanism by which TGF-b could coordinate with the TAZ/YAP pathway to promote tumor progression in malignant cancer cells. Thus, in addition to the Hippo pathway, mechanical cues, ECM stiffness, cytoskeleton tension, cell shape change, Wnt signaling, and GPCR-Rho signaling (15) , the abundance and activity of TAZ and YAP can also be regulated by TGF-b signaling through Ski.
In summary, our study showed that Ski abrogated the activity of TAZ through multiple mechanisms in human mammary epithelial cells, has established Ski as an important tumor suppressor in breast cancer, and has also identified a regulator of the Hippo pathway as well as a new point of crosstalk between TGF-b and Hippo signaling. 
MATERIALS AND METHODS
Cell culture, antibodies, siRNAs, and transfection 293T and HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (all from Invitrogen). MCF10A cells were maintained in DMEM/F-12 medium supplemented with 5% horse serum, EGF (20 ng/ml), hydrocortisone (0.5 mg/ml), insulin (10 mg/ml), cholera toxin (100 ng/ml), and penicillin and streptomycin. Antibodies specific for the following proteins were used at the indicated concentrations: Ski (1:1000, G8, Cascade Bioscience); Flag (1:5000, Sigma); HA ( The following siRNAs from Dharmacon were used: siGENOME Human LATS2 (26524) siRNA SMARTpool (#M-003865-02-0002); Accell Human SKI (6497) siRNA Set of 4 Upgrade (EU-003927-00-0002); Accell Human SKI (6497) siRNA SMARTpool (E-003927-00-0005); Accell Non-targeting siRNA pool (D-001910-10-05); siGENOME b-TrCP siRNA SMARTpool (M-003463-01-0005), Set of 4 Upgrade; Accell WWTR1 siRNA (TAZ siRNA). The following siRNAs from Qiagen were used: Hs-LATS2-7 FlexiTube siRNA (SI02660154), AllStars Negative Control siRNA (1027281). We obtained the NCoR1 siRNA (h) (sc-36001) from Santa Cruz Biotechnology. The sequence within human Ski cDNA targeted by the shRNA oligonucleotide pair was 5′-GTACTCGGCCCAGATCGAA-3′.
Transfection and infection
All cDNA transfections were performed using the Lipofectamine Plus transfection system (Invitrogen). siRNAs were transfected using Lipofectamine RNAiMAX (Invitrogen). Stable MCF10A cells lines were generated through retroviral infection as described previously by Zhu et al. (55) .
Luciferase assay
To measure TAZ/YAP transcriptional activity, HEK293 or 293T cells were transfected with either an 8xGT-IIC Luciferase reporter (25) and the indicated cDNAs or siRNAs. Thirsty-six hours after transfection, cells were lysed and luciferase activity was measured.
Immunoprecipitation and Western blotting
Cells were lysed in high-or low-salt lysis buffer [150 to 400 mM NaCl, 50 mM Hepes-KOH (pH 7.8), 5 mM EDTA, 1% NP-40, 3 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, aprotinin (10 mg/ml)], and cell lysates were precleared with protein A Sepharose for 30 min at 4°C. Precleared lysates were then subjected to immunoprecipitation with the appropriate antibodies as described previously (55) . Endogenous Hippo signaling proteins were immunoprecipitated with antibodies against Lats2, Mst2, Mer, Sav, Mob, and TEAD4, and the associated Ski was examined by Western blotting with anti-Ski.
In vitro kinase assay
Lats2 was isolated from cells by immunoprecipitation with anti-Lats2 and incubated with 3 to 4 mg of GST-TAZ or GST-YAP and 5 mCi of [g-32 P]adenosine triphosphate (3000 Ci/mmol) at 30°C for 30 min as previously described (20) .
3D culture
Differentiation of MCF10A cells in the 3D Matrigel was performed as previously described (58) . After 6 days in the 3D culture, morphological differentiation was examined by phase-contrast microscopy and by immunofluorescence staining for a 6 -integrin and GM130 as markers of basal lateral and apical polarity, respectively. Microscopy was performed on a Zeiss LSM710 confocal microscope at the Berkeley Biological Imaging Facility. The localization of the markers was viewed in serial confocal cross-sections.
EMT assays
To assess actin stress fiber staining, cells on coverslips were fixed in 4% paraformaldehyde for 20 min and permeabilized in 0.1% Triton X-100, and actin filaments were stained with rhodamine-phalloidin for 30 min at room temperature as described previously (55) . In the wound healing assay, cells were cultured in six-well plates until they reached 90 to 100% confluency. One-milliliter plastic tips were used to generate wounds across the wells. Phase-contrast pictures were taken at the time of wounding (0 hours) and 18 hours later. The wound size was measured at 18 hours, normalized to the 0-hour measurements, and plotted. Experiments were repeated at least three times. E-cadherin and vimentin abundance was examined by Western blotting after the cells reached confluency.
Soft agar assay
Cells were seeded in 0.375% top agar in growth medium over a layer of 0.6% agar in a six-well plate at a density of 4 × 10 3 cells per well. After 4 weeks of incubation, colonies were stained with MTT and counted.
Pulse-chase assay
Cells in 60-mm dishes were incubated in methionine-free DMEM plus 10% dialyzed FBS for 20 min and pulse-labeled with 300 mCi of [ 35 S]methionine in the same medium for 30 min. The cells were then chased with complete medium as described previously (59) .
In vivo metastasis assay
To evaluate the metastasis potential of breast cancer cells, 2 × 10 6 cells in 150 ml of serum-free medium were injected into the tail veins of 6-weekold female nude mice. After 12 weeks, mice were sacrificed, and quantitation of metastatic colonies was performed on representative H&E-stained sections of formalin-fixed and paraffin-embedded lungs as described previously (60) .
In vitro ubiquitination assay
293T cells were transfected with histidine-tagged ubiquitin together with HA-TAZ, Flag-Ski, Flag-Lats2, and Flag-Mst2. Ubiquitinated proteins in the cell lysates were pulled down with Ni 2+ -NTA beads, and ubiquitinated TAZ was detected by Western blotting with anti-TAZ antibody.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/8/363/ra14/DC1 Fig. S1 . Ski specifically interacts with Hippo signaling components to inhibit TAZ transcriptional activity. Fig. S2 . Ski interacts with the Hippo pathway and inhibits TAZ independently of its antagonism of TGF-b/Smad signaling. Fig. S3 . Multiple shSki MCF10A clones all displayed increased acinar size and cell mobility. Fig. S4 . Ski suppressed YAP/TAZ signaling by promoting their phosphorylation by Lats2. Fig. S5 . Ski-induced TAZ degradation is not mediated by the b-TrCP E3 ligase. Table S1 . Proteomic analysis of Ski-associated proteins.
